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A Novel and Ubiquitous System
for Membrane Targeting and Secretion
of Cofactor-Containing Proteins
(1996) has proposed a model in which cofactor attach-
ment occurs in the cytoplasm followed by translocation
of the fully folded protein to the periplasm through a
gated-pore mechanism, which is Sec-independent. Pro-
teins that follow this pathway have a long leader se-
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Department of Biochemistry quence with a characteristic ªtwin arginineº motif with
University of Alberta the consensus sequence S/TRRXFLK serving as the ad-
Edmonton, Alberta T6G 2H7 dressing sequence. Berks also suggested that multi-
Canada meric proteins in which only one subunit had a twin
²School of Biochemistry arginine leader would be translocated as a complex.
The University of Birmingham Although over 150 twin arginine proteins were identified
Edgbaston, Birmingham B15 2TT from diverse sources by database searches, no bio-
United Kingdom chemical or genetic evidence for the proteins mediating
³Department of Biological Sciences this translocation is known.
University of Alberta Three predictions follow from the proposal that there
Edmonton, Alberta TG6 2E1 is a major Sec-independent pathway for protein translo-
Canada cation for which the twin arginine is the signature. First,
it should be possible to isolate mutants defective in the
putative Sec-independent pathway that are pleiotropi-
Summary cally defective in targeting proteins with the twin arginine
signal sequence. Second, the mutation would be ex-
We report the identification of the proteins encoded pected to map to a locus defining a set of genes rather
by the mttABC operon (formerly yigTUW), which medi- than a single gene involved in protein targeting. Third,
ate a novel Sec-independent membrane targeting and homologs of such an operon should be found in a di-
translocation system in Escherichia coli that interacts verse range of organisms.
with cofactor-containing redox proteins having a Bacterial electron transport chain proteins potentially
S/TRRXFLK ªtwin arginineº leader motif. A pleiotropic- provide excellent models to study this question, al-
negative mutant in mttA prevents the periplasmic lo- though no mutants defective in the secretion or localiza-
calization of twin arginine redox enzymes, including tion of molybdoproteins, iron-sulfur proteins, or other
nitrate reductase (NapA) and trimethylamine N-oxide redox-active proteins had been reported. Enteric bacte-
reductase (TorA). The mutation also prevents the cor- ria provide an ideal model system to search for such
rect localization of the integral membrane molybdoen- mutants because they are a rich source of twin arginine
zymedimethylsulfoxidereductase (DmsABC). The DmsA motif polypeptides that are not essential for growth.
subunit has a twin arginine leader. Proteins with a Sec- A notable exception to the periplasmic location of
dependent leader or which assemble spontaneously
such twin arginine preproteins is the molybdoprotein,
in the membrane are not affected by this mutation.
dimethylsulfoxide reductase (DmsABC) of EscherichiaMttA, B, and C are members of a large family of related
coli, which has been established to be located on thesequences extending from archaebacteria to higher
cytoplasmic surface of the membrane by biochemical,eukaryotes.
kinetic, histological, and immunological evidence (Sam-
basivarao et al., 1990; Weiner et al., 1992, 1993; RotheryIntroduction
and Weiner, 1993, 1996). DmsABC is a membrane-
bound terminal reductase that allows E. coli to growThe discovery of the Sec pathway in bacteria, which
anaerobically with a wide variety of S- and N-oxides asenables unfolded proteins to be exported across the
terminal electron acceptors (Weiner et al., 1992; Simala-bacterial membrane, has provided an ideal model for
Grant and Weiner, 1996). The catalytic DmsA subunitstudies of protein translocation in both prokaryotes and
contains a twin arginine leader, which is cleaved fromeukaryotes (Doung et al., 1997).
the isolated protein (Bilous et al., 1988, Berks, 1996). InMany proteins located in the periplasm of gram-nega-
addition to DmsA, the enzyme contains an iron-sulfurtive bacteria and in organelles such as mitochondria
subunit and a membrane anchor subunit. The catalyticand chloroplasts are associated with redox cofactors,
DmsA subunit contains molybdopterin guanine dinucle-including flavins, molybdopterins, and iron sulfur clus-
otide at the active site (Rothery et al., 1995), and theters. The chronology of cofactor attachment and translo-
electron transfer subunit, DmsB, contains four [4Fe-4S]cation is not well understood for these proteins. Berks
clusters.
We have isolated a novel mutant that fails to target
§To whom correspondence should be addressed. DmsAB correctly to the membrane. This mutation also‖ Present address: RCMP Forensic Laboratory, 15707 118 Ave., Ed-
prevents the targeting and translocation of several per-monton, Alberta T5V 1B7, Canada.
iplasmic redox enzymes with the twin arginine motif. We# Present address: Department of Biological Sciences, University of
Calgary, Calgary, Alberta T2N 1N4, Canada. now report the deduced structure of the product of the
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Figure 2. Western Blot Analysis of Washed Membranes and Soluble
Fractions of HB101 and D-43 Harboring pDMS160 Expressing
DmsABC
Blot was probed with either purified anti-DmsA or anti-DmsB.
S, soluble fraction; M, washed membranes; sM, salt-washed mem-
branes; sS, soluble fraction from the salt-washed membranes;
P, purified DmsABC.
The reduced growth rate may reflect the pleiotropic ef-
fects of the mutation on various metabolic reactions
needed for optimal growth in addition to the terminal
electron transfer reaction. Only DmsABC supports growth
on DMSO, whereas both DmsABC and the periplasmic
TMAO reductase support growth on TMAO (Sambasi-
varao and Weiner, 1991). The observation that D-43 is
unable to grow on either DMSO or TMAO indicates thatFigure 1. Anaerobic Growth of Strain HB101 and D-43
both of these enzymes are nonfunctional.Anaerobic growth of strain HB101 (A) and D-43 (B) in the presence
of various electron acceptors. Symbols indicate growth with 40 mM
DmsA Is Not Anchored to the Membrane in D-43nitrate (triangles), 35 mM fumarate (squares), 100 mM TMAO (cir-
cles), or 70 mM DMSO (diamonds). Previous studieshave exhaustively shown that DmsABC
is localized on the cytoplasmic membrane of wild-type
E. coli strains with the DmsAB subunits anchored to the
cytoplasmic surface (Sambasivarao et al., 1990; Weinermutated gene. The mutated gene has indeed been local-
et al., 1992, 1993; Rothery and Weiner, 1993, 1996). Toized to an operon encoding products for which homo-
test the localization of DmsABC in D-43, we grew 250logs can readily be identified in a wide range of both
ml anaerobic cultures of HB101/pDMS160 and D-43/prokaryotes and eukaryotes.
pDMS160 on Gly/Fum medium. HB101/pDMS160 yielded
114 mg total protein, 3240 units of membrane-bound
Results TMAO reductase activity, and 2900 units of soluble ac-
tivity. D-43/pDMS160 yielded 99 mg total protein; 320
Isolation and Properties of the Mutants units were membrane-bound, and 4000 units were solu-
Following nitrosoguanidine mutagenesis of HB101, we ble. Thus, although the total DmsABC activity was lower
isolated a mutant, D-43, which grew anaerobically on in D-43, (4300 total units compared to 6200 for HB101/
fumarate and nitrate but failed to grow on dimethylsulf- pDMS160), the majority was not targeted to the mem-
oxide (DMSO) or TMAO. The mutant could not be com- brane. This suggested that D-43 was defective in tar-
plemented with plasmid pDMS160 carrying the wild- geting to the membrane rather than in a biosynthetic
type DmsABC operon, suggesting that the mutation step.
mapped outside the structural genes. Interestingly, the Utilizing Western blots, the cellular locations of DmsA
mutant expressed nearly normal levels of DMSO reduc- and DmsB were examined. It is clear from the blot in
tase activity, but the activity was soluble rather than Figure 2 that DmsA is not targeted to the membrane in
membrane-bound. This was surprising given that the D-43. The DmsA polypeptide is expressed and ispresent
membrane anchor, DmsC, was expressed in these cells in the cytoplasm at levels equivalent to the wild-type.
(see below), and this suggested that the mutant was Equivalent samples probed with anti-DmsB demon-
defective in membrane targeting or assembly. strated that significant amounts of DmsB were targeted
to the membrane. Membrane incorporation of DmsC in
the absence of DmsAB is lethal (Turner, et al., 1997),Anaerobic Growth Rates of HB101 and D-43
The rates of anaerobic growth of strains HB101 and D-43 and the presence of DmsB on the membrane may over-
come the lethality normally associated with incorpora-with a range of electron acceptors and a nonfermentable
carbon source, glycerol, were compared. All the terminal tion of DmsC in the absence of the catalytic subunits.
electron acceptors tested supported the growth of the
parent HB101 (Figure 1A). In contrast, only nitrate and Expression and Localization of the Anchor
Subunit, DmsC, in D-43fumarate stimulated the growth rate of the mutant (Fig-
ure 1B). However, even in the presence of nitrate and We have not been able to raise polyclonal antibodies
against DmsC (Sambasivarao et al., 1990; Turner et al.,fumarate the growth yield was half that of strain HB101.
Membrane Targeting and Translocation
95
1997), so three BlaM (b-lactamase) fusions were used
to determine whether the anchor subunit is translated
and correctly inserted into the membranes of D-43
(Weiner et al., 1993). These fusions were located after
amino acid positions 216, 229, and 267 of DmsC. Fusion
216 is localized to the periplasm and mediates very high
resistance. Fusions 229 and 267 are localized to the
seventh and eighth transmembrane helices and mediate
intermediate levels of resistance (Weiner et al., 1993).
The minimal inhibitory concentrations of ampicillin, for
each of these fusions expressed in D-43 under anaero-
bic growth conditions, were the same or within one plate
dilution of the wild-type values. Additionally, Western
blots, using antibody directed against BlaM, of cell frac-
tions of membrane, cytoplasmic, and osmotic shock
fluids of D-43/pDMSL29 (fusion at amino acid 229)
showed DmsC-BlaM in the membrane fractions (results
not shown). These data suggest that the DmsC protein
is translated and inserted into the membrane and has
the same topology as that found in the wild-type.
Expression and Localization of NapA
and NrfA in D-43
E. coli can reduce nitrate to ammonia using two periplas- Figure 3. Activity Staining of Periplasmic Proteins
mic electron transfer chains, the Nap and Nrf pathways (A) Nitrate-stained polyacrylamide gel containing periplasmic pro-
teins, membrane proteins, and cytoplasmic proteins from HB101(Cole, 1996; Grove et al., 1996). The catalytic subunit
and D-43. Lanes 1 and 2 contain periplasmic proteins from HB101of the periplasmic nitrate reductase, NapA, is a large
and D-43, respectively. Lanes 3 and 4 contain membrane proteinsmolybdoprotein with similarity to DmsA and is synthe-
from HB101 and D-43, respectively, and lanes 5 and 6 contain solu-
sized with a twin arginine leader peptide. NrfA, the peri- ble cytoplasmic proteins from HB101 and D-43, respectively.
plasmic nitrite reductase, is not a molybdoprotein but (B) Nitrite-stained polyacrylamide gel containing periplasmic pro-
a c-type cytochrome and contains a normal leader pep- teins from HB101 (lane 1) and D-43 (lane 2). Approximately 30 mg
of protein was loaded into each lane.tide. Accumulation of both of these redox enzymes in
(C) TMAO-stained polyacrylamide gel containing periplasmic pro-the periplasm of strain D-43 was assayed by staining the
teins from HB101 (lane 1) and D-43 (lane 2).periplasmic proteins separated by PAGE with reduced
methyl viologen in the presence of nitrate and nitrite.
Nitrate reductase activity due to NapA was present in the
Trimethylamine N-oxide reductase (TorA) is anotherperiplasmic proteins extracted from the parental strain
periplasmic terminal reductase related to DmsA (MejeanHB101 but was not observed in periplasmic proteins
et al., 1994), which contains a twin arginine leader. Inprepared from strain D-43 (Figure 3A). In contrast, ac-
strain D-43 this enzyme activity was not observed in thetivity of NrfA, the c-type cytochrome nitrite reductase,
periplasmic protein fraction (Figure 3C).was similar in periplasmic proteins prepared from both
HB101 and D-43 (Figure 3B). Significantly, the nitrate
Plasmid Complementation of D-43reductase activity was higher in membranes prepared
D-43 was complemented with a plasmid bank com-from strain D-43 than in membranes prepared from the
posed of HindIII-digested E. coli chromosomal DNA li-parental strain HB101, suggesting that NapA protein
gated into pBR322. A single clone, pDSR311, whichwas ªstuckº in the membrane fraction. No nitrate reduc-
allowed growth on Gly/DMSO, was identified. Throughtase activity was detected in soluble cytoplasmic pro-
restriction map analysis and sequencing the ends of theteins prepared from either strain (data not shown).
insert, the clone was mapped to the 88 min region ofAdditionally, the rate of electron transfer from physio-
the chromosome, within contig AE00459 covering thelogic electron donors to NrfA was measured by assaying
4,013,851±4,022,411 bp region of the sequence of Blatt-the rate of nitrite reduction by a suspension of whole
ner et al., (1997). The clone contained the previouslycells in the presence of formate or glycerol. The rate of
undefined open reading frames yigO, P, R, T, and Unitrite reduction in suspensions of strain HB101 was 34
(based on the original yig nomenclature for unidentifiedmmol nitrite reduced/min21/ml21, while that measured
ORFs) (Figure 4).with suspensions of D-43 was 11 mmol nitrite reduced/
All attempts to use available restriction sites to sub-min21/ml21. Loss of electron transport to NrfA from phys-
clone this region into ORF groups yigOP, yigR, yigRTU,iologic electron donors but not from reduced methyl
and yigTU were unsuccessful. Therefore, a second li-viologen was probably due to the presence of a twin
brary consisting of E. coli chromosomal DNA, whicharginine leader motif in either NrfC, which is a protein
had been partially digested with Sau3a, was ligated intoessential for the transfer of electrons from quinones to
BamHI-digested pBR322. This library generated a num-NrfA (Hussain et al., 1996, and unpublished data), or in
ber of complementing clones. The smallest was pGS20,FdnG, which contributes to the transfer of electrons from
formate to nitrite (Darwin et al., 1993a). which encoded the 39 end of yigR and approximately
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Figure 4. Gene Map of Contig AE00459 Noting the Positions of the
ORFs and the Clones Used in This Study
three-quarters of yigT (Figure 4). This suggested that the
products of the putative genes yigTUW wereresponsible
for DmsA targeting to the membrane and Nap transloca-
tion to the periplasm, and these genes were renamed
mttABC (membrane targeting and translocation). This
region was cloned from wild-type HB101 utilizing PCR.
The clone of mttABC was able to complement the D-43
mutation only when cloned into the lower copy number
plasmid pBR322 (pBRmttABC), and no complementa-
tion (or growth) was observed when mttABC was cloned
into the high copy number plasmid pTZ18R (pTZmtt
ABC).
Sequence of the mttA Region
We compared the sequence of clone pGS20 with the
identical region of strain D-43 by PCR sequencing of
both strands. We identified only one nucleotide change
Figure 5. The Sequence of MttA Aligned with YigT of H. influenzaealtering a C to a T at position 743 of pGS20. When
The two potential transmembrane segments are denoted as TMS1this region was compared to the sequence of contig
and TMS2, respectively. (A) denotes the position of the mutation inAE00459 in the E. coli genome sequence (Blattner et al.,
MttA, which changes proline 128 to leucine. (B) denotes the termina-1997), it appeared that the mutation mapped within the
tion of MttA in clone pGS20. The potential a-helical region is indi-
proposed ORF termed b3837. This ORF did not have a cated.
normal E. coli codon usage, and so we determined the
DNA sequence of this region of AE00459. Several differ-
ences were identified and a revised ORF map of this to the periplasm, an exception is DmsABC, which is
normally located on thecytoplasmic surface of themem-contig is shown in Figure 4. This revision results in sev-
eral changes: ORF b3836, b3837, and b3838 are no brane (Sambasivarao et al., 1990; Weiner et al., 1992,
1993; Rothery and Weiner, 1993, 1996). We suggest thatlonger observed and are replaced by a polypeptide,
which is very similar throughout its length to the YigT MttA is not involved in the translocation of DmsAB to
the periplasm but in targeting them to the membrane.protein of Heamophilus influenzae (Fleischmann et al.,
1995) (Figure 5). The mutation in D-43 results in the We also suggest that the role of DmsC is to prevent
translocation of DmsAB to the periplasm. To test thismutation of proline 128 of MttA to leucine. Interestingly,
clone pGS20 does not encode the entire MttA polypep- hypothesis we examined the intracellular location of the
DmsA and DmsB subunits in HB101 and D-43 expressedtide but terminates at amino acid 205. The MttA protein
is composed of 277 amino acids and has a mass of from a plasmid encoding the wild-type DmsABC operon
as well as a truncated form lacking the anchor subunitapproximately 30.6 kDa. It has two potential transmem-
brane helices between residues 15±34 and 107±126. The DmsC. As shown in Figure 6A, (compare lanes 8 and 9
to lanes 4 and 5), significant amounts of DmsA andmost likely orientation is with the amino and carboxyl
termini exposed to the periplasm. Residues 150±200 are DmsB accumulate in the periplasm only when the DmsC
subunit is absent. As a control for this experiment, plas-predicted to form a very long a-helix. The mutation in
D-43 alters the proline immediately after the second mids carrying the intact frdABCD (pFRD84) (data not
shown) and truncated frdAB (pFRD117) (Lemire et al.,transmembrane helix and could disrupt this structure of
the protein. 1982) lacking the anchor subunits of fumarate reductase
were also expressed. As fumarate reductase does not
have a twin arginine leader and assembles spontane-The Role of MttA Protein in DmsABC Assembly
We have shown above that MttA prevents the correct ously in the membrane (Latour and Weiner, 1987), nei-
ther a Mtt mutation nor loss of the anchor subunits,localization of a number of periplasmic proteins that
have twin arginine leader sequences. Although Berks FrdC and FrdD, should result in secretion of FrdAB into
the periplasm. This was confirmed (lanes 13 and 14). In(1996) has proposed that the twin arginine leader is
related to the translocation of fully folded redox proteins Figure 6B the same experiment is shown for strain D-43.
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related sequences were identified by BLAST searches
in Azotobacter chroococcum, Bacillus subtilis, H. in-
fluenzae, Helicobacter pylori, Mycobacterium leprae,
Mycobacterium tuberculosis, Pseudomonas stutzerii,
Rhodococcus erythropolis, and Synechocystis PCC6803
as well as the Ybec sequence of E. coli.
MttB encodes an integral membrane protein of 258
amino acids with six predicted transmembrane segments.
A large number of related sequences were identified
in a BLAST search extending from the archaebacteria
(Archeoglobus fulgidus) through the eubacteria (A. chroo-
coccum, B. subtilis, H. influenzae, H. pylori, M. leprae,
M.tuberculosis), cyanobacteria (Synechocystis PCC6803),
and to mitochondria of algae (Reclimonas americana,
Chondrus crispus) and plants (Arabidopsis thalania,
Marchantia polymorpha) as well as chloroplasts of Por-
phyra purpurea and Odentella sinensis.
The neighboring gene mttC encodes a polypeptide of
264 amino acids, which is predicted to have at least oneFigure 6. Western Blot Analysis of the Cellular Localization of
potential transmembrane segment (residues 24±41). TheDmsAB
most likely orientation of this protein results in a large(A) HB101 expressing either native DmsABC (pDMS160), DmsABDC
(pDMSC59X), or FrdABDCD. cytoplasmic domain extending from residue 41 to 264.
(B) Equivalent lanes as in (A) with the same plasmids in D-43. There is the possibility of a second transmembrane do-
P, purified or enriched sample protein of either DmsABC or FrdAB; main at residues 165±182, but confirmation of this must
M, washed membranes; S, soluble fraction; O, osmotic shock frac-
await a blaM gene fusion analysis. This protein is alsotion; 2O, 2-fold osmotic shock fraction. Purified FrdAB was obtained
a member of a very large family of related proteins,from HB101/pFRD84 expressing high levels of the wild-type enzyme
which includes two related sequences in E. coli (Ycfhand purified by the method of Dickie and Weiner (1979) and Lemire
and Weiner (1986). All lanes have the equivalent concentration of and Yjjv) as well as related sequences in archaebacteria
protein loaded. (Methanobacterium thermoautotrophicum), Mycoplasma
(Mycoplasma pneumoniae and Mycoplasma genitaluium),
eubacteria (Bacillus subtilis, H. influenzae, H. pylori,
As expected, neither DmsA nor DmsB accumulates in M.tuberculosis), cyanobacteria (Synechocystis PCC6803),
the periplasm. yeast (Schizosaccharomyces pombe and Saccharomyces
cerevisae), Caenorhabditis elegans, and humans. The
The mttABC Operon human protein is notable in having a 440 amino acid
Examination of the DNA sequence adjacent to mttA sug- extension at the amino terminus that is not found in
gests that the upstream gene, yigR, encodes an amino- the other proteins. This extension is not related to MttA
glycosyl transferase (BLAST searchof the nonredundant or MttB.
database). A potential transcription terminator at posi-
tion 5590-5610 of contig AE00459 (Blattner et al., 1997)
separates yigR from mttA. Discussion
The adjacent genes mttB and mttC most likely form
an operon with mttA. To test this we isolated mRNA Although much is known about the Sec-dependent
translocation of proteins across bacterial membranesfrom aerobically grown HB101 and used RT-PCR with
a primer within MttC to make a cDNA product. This (Doung et al., 1997), relatively little is known about the
membrane targeting and translocation of proteins thatcDNA was then amplified by PCR with primers within
MttA and MttB giving the expected product of 270 bp must be assembled in the cytoplasm with prosthetic
groups or covalently bound cofactors. We have nowand MttA and MttC giving a product of 1091 bp, confirm-
ing a single polycistronic mRNA for the MttA, B, and C identified a new Sec-independent protein translocation
system in E. coli, which is necessary for the localizationgenes. To ensure that the PCR products were not the
result of contaminating chromosomal DNA, the mRNA of periplasmic redox proteins and for the targeting of
DMSO reductase to the membrane.preparation was extensively digested with DNase prior
to PCR, and a control omitting the RT-PCR step did not The existence of a Sec-independent translocation
system was suggested by Berks (1996), who proposedgive any products after PCR amplification.
A database search of sequences that are related to that both prokaryotes and eukaryotes have a conserved
alternative secretion pathway in which a pair of aminomttA, mttB, and mttC identified a large family of related
proteins, which are organized contiguously in several terminal arginine residues in a motif with the sequence
S/TRRXFLK serves as the addressing sequence.organisms. In all cases the function of these proteins
was previously unknown. Segments of the MttA homol- While most of the twin arginine proteins are periplas-
mic, a major exception is DMSO reductase. This is aogy were noted by Settles et al. (1997) who found that
the Hcf106 gene encodes a thylakoid protein of Maize trimeric enzyme composed of an extrinsic membrane
dimer with catalytic, DmsA,and electron transfer, DmsB,involved in protein uptake and assembly of chloroplast
membrane proteins. In addition to the Zea mays protein, subunits bound to an intrinsic anchor subunit, DmsC.
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The DmsA subunit has a twin arginine leader, but it and able to catalyze reduction with dithionite-reduced
methyl viologen as the artificial electron donor,but strainhas been exhaustively shown that the DmsA and DmsB
subunits face the cytoplasm (Sambasivarao et al., 1990; D-43 was deficient in formate-dependent nitrite reduc-
tase activity.Weiner et al., 1992, 1993; Rothery and Weiner, 1993,
1996). In a study of the assembly of DMSO reductase, The assembly of multisubunit redox membrane pro-
teins in bacteria and eukaryotic organelles has beenwe identified a novel mutation, D-43, which prevented
the assembly of DmsAB onthe membrane. This mutation assumed to be a spontaneous process mediated by
protein±protein interactionsbetween the integral anchorwas pleiotropic and prevented the correct localization
of periplasmic twin arginine proteins but did not pre- subunit(s) and the extrinsic subunit(s) (Lemire et al.,
1983; Latour and Weiner, 1987). We have previouslyvent the translocation of the Sec-dependent protein
NrfA. The mutation was complemented by a DNA frag- shown that the extrinsic subunitsof fumarate reductase,
FrdAB, can be reconstituted to form the holoenzymement encoding the MttA (YigT) gene, and the mutation
changed proline 128 to leucine inMttA. MttA is predicted with the anchor subunits, FrdCD, in vitro without any
additional proteins (Lemire et al., 1983). The architectureto be a membrane protein with two transmembrane seg-
ments and a long periplasmic a-helix. Proline 128 is of DMSO reductase is similar to that of fumarate reduc-
tase, and it seemed likely that this protein assembledlocated after the second transmembrane helix and im-
mediately preceding the long periplasmic a-helix, sug- in a similar manner. Thus, the isolation of mutant D-43
was unexpected, and it suggests that the assembly ofgesting the essential nature of this region of MttA. Inter-
estingly, the smallest complementing DNA fragment, DmsABC needs auxiliary proteins for optimal efficiency
or this is an evolutionary vestige related to the solublepGS20, only encoded the amino terminal two-thirds of
MttA. This suggests that the carboxy terminal globular periplasmic DMSO reductase found in several organ-
isms (McEwan et al., 1991; McEwan, 1994). The anchordomain is not necessary or can be substituted by some
other activity. The carboxy terminal third of MttA is also subunit, DmsC, appears to prevent the translocation of
DmsAB to the periplasm and may act as a ªstop-trans-the least conserved region of MttA. MttA is encoded
on a 2.6 kB polycistronic mRNA with two additional ferº sequence or may compete with a protein such as
MttB in the membrane. Only in the absence of DmsCmembrane proteins, MttB and MttC. MttB is an integral
membrane protein with six transmembrane segments, were significant levels of DmsAB found in the periplas-
mic fraction.and MttC is a membrane protein with one or two trans-
membrane segments and a large cytoplasmic domain. The predicted topology of the MttABC proteins leads
tospeculation that the largecytoplasmic domain of MttCIt is likely that this operon encodes the twin arginine
translocation proteins. We identified similar proteins to might serve a receptor function for twin arginine pro-
teins, with the integral MttB protein serving as the poreMttA and MttB by BLAST searches in a wide variety of
archaebacteria, eubacteria, cyanobacteria, and plants, for protein transport. It is interesting that MttA can form
a long a-helix, which may play a role in gating the pore.suggesting that this translocation system may be very
widely distributed in nature. The MttC protein was even After this paper was submitted for publication, a re-
lated paper by Santini et al., (1998) appeared that pro-more widely dispersed with similar proteins identified
in archaebacteria, mycoplasma, eubacteria, cyanobac- vided data to suggest that cofactor insertion is an essen-
tial prerequisite for the Sec-independent translocationteria, yeast, plants, C. elegans, and humans. In all cases
the related proteins were of unknown function. It is not of TMAO reductase to the periplasm. These results are
totally compatible with our results and add additionalclear if proteins related to MttA and MttB will be discov-
ered in higher eukaryotes or if the MttC protein interacts support for our model.
with other membrane proteins in these organisms to
Experimental Procedurescatalyze membrane translocation. Settles and cowork-
ers (1997) have recently drawn a relationship between
Strains and Plasmidsthe twin arginine leader and sec-independent transloca-
The strains and plasmids used in this study are listed in Table 1.tion of a receptor-like protein, Hcf106, into chloroplasts
of maize. Although the sequence of YigT (MttA) used Isolation of Mutants Unable To Grow on DMSO
in that homology study was not correct throughout its Nitrosoguanidine mutagenesis and ampicillin enrichment were as
length, the amino terminal region does show homology. described by Miller (1992). Sixteen mutants were isolated that were
defective for anaerobic growth on DMSO but grew with nitrate orThe effects of the mutation on periplasmic nitrite re-
fumarate as the alternate electron acceptor. Each of the mutantsductase activity provided a key control to test whether
was transformed with pDMS160 (Rothery and Weiner, 1991) carryingMttA plays a major role in protein targeting. Nrf activity
the entire dms operon and again tested for growth on DMSO. All of
can be assessed in two ways: by detecting the activity the transformants failed to grow on DMSO. When tested for DMSO
of the terminal nitrite reductase, which is a c-type cyto- reductase activity, 14 of the 16 transformants lacked measurable
chrome secreted by the Sec pathway and assembled enzyme activity. Two of the mutants expressed high levels of DMSO
reductase activity, but the activity was localized in the cytoplasmin the periplasm (Figure 3B) (Darwin et al., 1993b; Thony-
rather than the membrane fraction. One of these mutants, D-43,Meyer and Kunzler, 1997), and by measuring the rate of
was chosen for further study.nitrite reduction by washed bacteria in the presence
of the physiologic substrate, formate. Only the latter
Mutant Complementation
activity requires the membrane-bound iron-sulfur pro- For initial complementation experiments, an E. coli DNA library was
tein, NrfC, which is synthesized with an N-terminal prepared by HindIII digestion of an E. coli HB101 chromosomal DNA
twin arginine leader peptide. As predicted by our model, preparation and ligated into the HindIII site of pBR322. The ligation
mixture was transformed directly into D-43. The transformants werecytochrome c552 was correctly targeted in the mutant
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Table 1. Bacteria and Plasmids
Strain/Plasmid Genotype or Gene Combinations Present Reference/Source
HB101 F2, hsdS20(r-Bm-B), leu, supE44, ara14, galK2, lacY1, proA2, Boyer and Roulland-Dussoix, 1969
rpsL20, xyl-5, mtl-1, recA13, mcrB
TG1 K12D(lac-pro) sup EF9 traD36 proAB laclq DlacZM15 Amersham
D43 HB101; mttA Bilous and Weiner, 1985
pBR322 Cloning vector Tetr, Ampr Pharmacia
pTZ18R Cloning vector Ampr, lacZ Pharmacia
pJBS633 blaM fusion vector Broome-Smith and Spratt, 1986
pFRD84 frdABCD cloned into pBR322 Lemire et al., 1982
pFRD117 DfrdCD version of pFRD84 Lemire et al., 1982
pDMS160 dmsABC cloned into pBR322 Rothery and Weiner, 1991
pDMS223 dmsABC operon in pTZ18R Rothery and Weiner, 1991
pDMSL5 dmsABC::blaM in pJBS633 fusion after residue 216 Weiner et al., 1993
pDMSL29 dmsABC::blaM in pJBS633 fusion after residue 229 Weiner et al., 1993
pDMSL4 dmsABC::blaM in pJBS633 fusion after residue 267 Weiner et al., 1993
pDMSC59X dmsC truncate after residue 59 Sambasivarao and Weiner, 1991
pDSR311 yigO, P, R, T, and U in pBR322 This study
pGS20 b38359, b3836, b3837, and b38389 in pBR322 This study
pTZmttABC Region of ORFs b3836, b3838, yigU, yigW, cloned into pTZ18R This study
pBRmttABC Region of ORFs b3836, b3838, yigU, yigW, cloned intopBR322 This study
pTZb3836 ORF b3836 cloned into pTZ18R This study
pBRb3836 ORF b3836 cloned into pBR322 This study
grown anaerobically on glycerol/DMSO (Gly/DMSO) platesand incu- Clones of the ORF region mttABC were subcloned utilizing stan-
dard cloning methods (Sambrook et al., 1989) and ligated into thebated anaerobically at 378C for 72 hr. The complementing clone
identified from this library, pDSR311, was isolated and restriction vector pBR322. Positive clones and subclones were transformed
into D-43 and tested for anaerobic growth in Gly/DMSO and Gly/mapped. The map was compared with the integrated E. coli restric-
tion map version 6 (Berlyn et al., 1996). Fumarate broth medium.
A second gene bank was prepared using random 5±7 kb Sau3a
fragments of E. coli W1485 ligated into the BamHI site of pBR322.
This E. coli gene bank was a gift from Dr. P. Miller (Parke-Davis Sequencing the Chromosomal Region
Encompassing pGS20Pharmaceuticals, Ann Arbor, MI). D-43 was transformed with 2 mg
of this library, and transformants were plated onto Luria-Bertani Chromosomal DNA from strains HB101 and D-43 was prepared as
above. The 976 bp region, which complements the D-43 mutation,(LB) broth plates containing 100 mg/ml21 ampicillin. After overnight
growth at 378C, the cells were washed off the plates into 5 ml of LB was amplified, the PCR products were sequenced directly, and the
DNA sequences of both strains were compared to the publishedbroth, and 20 ml of this suspension was diluted with 10 ml of Minimal
A medium (Miller, 1992) containing 100 mg/ml21 ampicillin and 10 sequence of E. coli (Blattner et al., 1997). As Taq DNA polymerase
was used for PCR, two different reaction products, resulting frommg/ml21 vitamin B1, proline, and leucine and grown aerobically at
378C for 16 hr. The cells were washed twice in phosphate-buffered separately prepared templates, were sequenced to identify any mu-
tations that may have resulted from the PCR reaction. Both strandssaline (PBS), and samples were serially diluted into PBS buffer. Each
dilution (100 ml) was plated on Gly/DMSO plates and incubated were sequenced in the region of any identified mutations.
anaerobically at 378C for 72 hr. Colonies were further tested for
anaerobic growth in 9 ml screw top test tubes containing Gly/DMSO
broth medium. Growth Experiments
For growth experiments, bacteria were initially grown aerobicallyThe location of the complementing clones in the E. coli chromo-
some obtained from both libraries was confirmed by DNA sequenc- overnight at 378C in LB plus 10 mg/ml21 vitamin B1. A 1% inoculum
was added to 150 ml of minimal salts medium containing 0.8% (w/ing the ends of the clones using primers that flanked the HindIII and
BamHI sites of pBR322. Subclones of the complementing clones v) glycerol, 10 mg/ml21 each of proline, leucine, vitamin B1, and
0.15% peptone and supplemented with either DMSO 70 mM, fumar-from each of the librarieswere constructed utilizing standard cloning
methods (Sambrook et al., 1989) and ligated into the cloning vector ate 35 mM, nitrate 40 mM, or trimethylamine N-oxide (TMAO) 100
mM. Cultures were grown anaerobically at 378C in Klett flasks andpTZ18R. DNA from subclones was restriction mapped to verify the
insert. Positive subclones were tested for anaerobic growth in Gly/ the turbidity monitored in a Klett spectrophotometer with a No. 66
filter.DMSO and Gly/Fumarate broth medium.
PCR Cloning of the mttABC Region
The chromosomal DNA template for PCR was prepared from HB101. Expression of DmsAB Polypeptides
D-43/pDMS160 and HB101/pDMS160 were grown anaerobically onBacteria from 1.5 ml of an overnight culture were pelleted in an
Eppendorf tube and resuspended in 100 ml of water. The cells were Gly/Fumarate medium at 378C in 19 l batches (Bilous and Weiner,
1985). Cultures were grown for 24 hr at 378C and the cells harvestedfrozen and thawed three times, pelleted by centrifugation, and 5 ml
of the supernatant was used as the PCR template. and membranes prepared by French pressure cell lysis at 16,000
psi followed by differential centrifugation as previously describedThe region of the putative mttABC operon was cloned utilizing
PCR. The 59 primer was located at the end of the coding sequence (Rothery and Weiner, 1991). The crude membranes were washed
twice with lysis buffer (50 mM MOPS, 5 mM EDTA [pH 7.0]). DmsABCfor yigR (b3835) (position 5559-5573 of contig AE00459) and in-
cluded the intervening sequence between yigR and mttA. The 39 was purified as described by Simala-Grant and Weiner (1996). For
the determination of subunit anchoring to the membrane, membraneprimer hybridized immediately after the stop codon of mttC (position
8090-8110). The primers contained the restriction sites EcoRI and preparations were first washed with lysis buffer and then with lysis
buffer containing 1 M NaCl. The osmotic shock procedure of WeinerSalI to facilitate cloning into the phagemid pTZ18R, and recombi-
nants were screened in E. coli strain TG1. The ends of the clones and Heppel (1971) was used to isolate theperiplasmic fraction tested
for fumarate and DMSO reductase polypeptides.were sequenced to verify the region cloned.
Cell
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Detection of Periplasmic Reductase Activities et al. (1997). The complete genome sequence of Escherichia coli
K12. Science 277, 1453±1462.Periplasmic proteins were released from washed bacterial suspen-
sions as described by McEwan et al (1984) except that the EDTA Boyer, H.W., and Roulland-Dussoix, D. (1969). A complementation
concentration was 5 mM. The periplasmic fraction was dialyzed analysis of the restriction and modification of DNA in Escherichia
against two changes of a 20-fold excess of 10 mM Na1/K1 phos- coli. J. Mol. Biol. 41, 459±472.
phate (pH 7.4) to remove sucrose and excess salt, freeze dried, and Broome-Smith, J.K., and Spratt, B.G. (1986). A vector for the con-
dissolved in 10 mM phosphate (pH 7.4) to a protein concentration struction of translational fusions to TEM beta-lactamase and the
of about 15 mg/ml21. Protein concentrations were determined by analysis of protein export signals and membrane protein topology.
the Folin phenol method described previously (Newman and Cole, Gene 49, 341±349.
1978). The periplasmic proteins were separated on a 7.5% nondena-
Cole, J. (1996). Nitrate reduction to ammonia by enteric bacteria:turing polyacrylamide gel. After electrophoresis, the 18 cm square
redundancy, or a strategy for survival during oxygen starvation.gel was immersed in 5 mg ml21 methyl viologen containing 5 mM
FEMS Microbiol. Lett. 136, 1±11.nitrate. Dithionite was added to keep the viologen reduced; bands
Darwin, A., Tormay, P., Page, L., Griffiths, L., and Cole, J. (1993a).of activity were detected as transparent areas against a dark purple
Identification of the formate dehydrogenases and genetic determi-background. The same protocol was used to detect periplasmic
nants of formate-dependent nitrite reduction by Escherichia colinitrite and TMAO reductase activity, but 5 mM nitrate was replaced
K-12. J. Gen. Microbiol. 139, 1829±1840.by 2.5 mM nitrite or 5 mM TMAO, respectively.
Darwin, A., Hussain, H., Griffiths, L., Grove, J., Sambongi, Y., Busby,
S., and Cole, J. (1993b). Regulation and sequence of the structuralImmunoblot Analysis and Functional Activity Assays
gene for cytochrome c552 from Escherichia coli: not a hexahaem butAntibodies to purified DmsA and DmsB were used for Western blot
a 50 kDa tetrahaem nitrite reductase. Mol. Microbiol. 9, 1255±1265.analysis (Sambasivarao et al., 1990). Typically, samples were sepa-
rated on 10% (w/v) SDS-PAGE and then blotted onto nitrocellulose. Dickie, P., and Weiner, J.H. (1979). Purification and characterization
The proteinbands weredetected using the enhanced chemilumines- of membrane-bound fumarate reductase from anaerobically grown
cence detection system from Amersham and goat anti-rabbit IgG Escherichia coli. Can. J. Biochem. 57, 813±821.
(H1L) horseradish peroxidase conjugate. Doung, F., Eichler, J., Price, A., Leonard, M.R., and Wickner, W.
Cell fractions were assayed for DMSO reductase activity by mea- (1997). Biogenesis of the gram-negative bacterial envelope. Cell 91,
suring the DMSO-dependent oxidation of reduced benzyl viologen 567±573.
at 238C (Bilous and Weiner, 1985). This assay is dependent only on
Fleischmann, R.D., Adams, M.D., White, O., Clayton, R.A., Kirkness,the presence of DmsAB.
E.F., Kerlavage, A.R., Bult, C.J., Tomb, J.-F., Dougherty, B.A., Mer-
rick, J.M., et al. (1995). Whole-genome random sequencing and
Transcriptional Analysis of MttABC assembly of Haemophilus influenzae Rd. Science 269, 496±512.
RNA from aerobically grown HB101 was prepared by the modified
Frost, L., Lee, S., Yanchar, N., and Paranchych, W. (1989). finP andhot phenol extraction method, resuspended in diethylpyrocarbon-
fisO mutations in FinP anti-sense RNA suggest a model for FinOPate-treated water, treated with DNAse, and phenol purified (Frost
action in the repression of bacterial conjugation by Flac plasmid
et al., 1989). RT-PCR was performed according to the Boehringer
JCFL0. Mol. Gen. Genet. 218, 152±160.
Mannheim manual with a primer (position 7340-7362 of contig
Grove, J., Tanapongpipat, S., Thomas, G., Griffiths, L., Crooke, H.,AE00459) in MttC. The cDNA was amplified by PCR using primers
and Cole, J. (1996). Escherichia coli K-12 genes essential for thewithin MttA (position 6272-6298 of AE00459) and MttB (position
synthesis of c-type cytochromes and a third nitrate reductase lo-6518-6540) giving an expected product of 270 bp and MttA and
cated in the periplasm. Mol. Microbiol. 19, 467±481.MttC (position 7340-7362) giving a product of 1091 bp.
Hussain, H., Grove, J., Griffiths, L., Busby, S., and Cole, J. (1996).
A seven-gene operon essential for formate-dependent nitrite reduc-Minimum Inhibitory Concentrations
tion to ammonia by enteric bacteria. Mol. Microbiol. 12, 153±163.Ampicillin MICs of the DmsABC-BlaM fusions were determined as
Latour, D.J., and Weiner, J.H. (1987). Investigation of Escherichiapreviously described (Weiner et al., 1993).
coli fumarate reductase subunit function using transposon Tn5. J.
Gen. Microbiol. 133, 597±607.Acknowledgments
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